Abstract To maximise carbon (C) storage in soils, understanding the fate of C originating from aboveground and belowground residues and their interaction with fertiliser under field conditions is critically important. The use of 13 C natural abundance provides unique opportunities to separate both C sources. We investigated the effect of 16 years of C3 straw and C4 root input, with and without nitrogen (N) addition, on SOC stocks and C distribution in soil fractions in the long-term frame trial at Ultuna, Sweden. The straw C input was fixed at 1.77 Mg ha
Introduction
Soil organic matter (SOM) serves many ecosystem functions from being reservoir for nutrients to act as agent to increase biological activity, provides soil aggregation, retains moisture and improves soil structure and tilth for reducing soil erosion. Moreover, SOM comprises a significant part of the global terrestrial C pool. The world's soils store at least three times as much C as is found in either the atmosphere or living plants (Lal 2004) . A small change in the SOC pool has a critical influence on atmospheric CO 2 concentration (Poeplau et al. 2011; von Lützow et al. 2006) . Kell (2012) postulated that an overall increase in soil C of 10% would decrease atmospheric C by at least 20%. Thus, given the growing interest in increasing SOC stocks in soils world-wide to mitigate climate change and improve soil quality, better understanding of soil organic C (SOC) stabilisation and its dynamics in soil in response to various management practises is indispensable (Lal 2004) .
Conceptually, SOC is often partitioned into different pools/ fractions with distinct physico-chemical properties, different degrees of stabilisation and turnover times ranging from years to millennia (Bol et al. 2009; von Lützow et al. 2007) . A variety of biochemical, physical and chemical processes protect organic C from decomposition in soils, and knowledge of the resulting persistence of SOC pools/fractions in soil is vital in understanding their contribution to the global C cycle. Stabilisation of SOC in soil depends on numerous factors such as soil type, climate, substrate quality, input pathway and nutrient regime (Kätterer et al. 2011; Kirkby et al. 2013) . In a mechanistic perspective, four major mechanisms may explain the stability of SOM in soil: (i) spatial inaccessibility of SOM to decomposers due to aggregation, (ii) recalcitrance due to the chemical structure, (iii) stabilisation of SOM by interaction with mineral surfaces and (iv) energetical limitation microbes to decompose organic matter (Mueller et al. 2014; von Lützow et al. 2006; Fontaine et al. 2007 ). The distribution of organic matter between soil size fractions is affected differently when soil organic matter levels change due to cultivation, straw incorporation, addition of mineral fertiliser or animal manure (Christensen and Sorensen 1985; Christensen 1987; Gregorich et al. 1995) .
Using a detailed balancing approach, Kätterer et al. (2011) showed that root-derived C was preferentially retained in soil and contributed 2.3-fold more to the C pool than aboveground residues. Potential reasons for this, as elegantly summarised by Rasse et al. (2005) , are as follows: (i) roots are relatively more recalcitrant than shoots; (ii) the physico-chemical protection of root C by aggregates and mineral surfaces is higher than for shoot C; and (iii) the decomposability of roots is lower due to accumulation of metal ions. Separating shootand root-derived C inputs in dynamic modelling has been shown to increase model accuracy (Poeplau et al. 2015) . However, at the same time, root biomass is seldom measured and has to be estimated using allometric functions involving yield-based allocation coefficients (Bolinder et al. 2007 ), which are usually based on mean values from a limited number of studies. Shifts in plant allocation to aboveground and belowground organs due to, e.g. alterations in management are not accounted for in those approaches, but are also not sufficiently studied. There is thus considerable uncertainty regarding root-derived C inputs and their fate in the soil in relation to shoot-derived C inputs. Separation of these two C sources may be possible by the use of biomarkers (MendezMillan et al. 2010) , but more research is needed in this field. The Ultuna long-term soil organic matter field experiment in Sweden, which was established 60 years ago, offers a unique opportunity for separate studies of root-and shoot-derived C turnover in the soil. Since the beginning of the experiment, aboveground residues of any crops grown are completely removed, so that the only direct crop-derived C input is rootderived. In 2000, the crop rotation was shifted to maize monoculture, thereby introducing a C4 plant to a previously pure 'C3 soil'. The experiment is intended to study the effect of different mineral N fertilisers and organic amendments on soil organic matter. Among those amendments, C3-wheat straw is added to the soil. This offers the opportunity to study the dynamics of straw-and root-derived C separately by measuring the natural abundance of the stable isotope 13 C and using the data for tracing and quantifying sources, sinks and flux rates within the biogeochemical C cycle (Boutton 1996) . This separation of C sources is due to higher discrimination of 13 C in C3 photosynthesis (Calvin cycle) than in C4 photosynthesis (Hatch-Slack pathway) (Farquhar et al. 1989 ). The δ
13
C values from plants with C3 photosynthesis typically range from −40 to −23‰, while those in plants with C4 photosynthesis range from −19 to −9‰ (Boutton et al. 1998) . After a C3-C4 vegetation change, the relative contribution of new and old SOC can be estimated based on the mass balance of C isotope content and the isotopic signature can thus be used to follow the dynamics of SOC in situ.
Soil nutrient regime influences SOC dynamics. Nitrogen fertilisation is known to increase net primary production and thus C inputs to the soil (Christopher and Lal 2007; Kätterer et al. 2012) . However, N availability also influences plant C allocation to belowground organs, with more investment in belowground organs under N deficiency (Welbank et al. 1973) . Furthermore, N fertilisation is reported to increase soil C retention due to increased microbial use efficiency (Kirkby et al. 2013; Kirkby et al. 2014) . Under N deficiency, decomposers have been shown to use fresh organic matter as an energy source for the break-up of more recalcitrant, but nutrient rich organic matter (Murphy et al. 2015; Poeplau et al. 2016a) . However, the relevance of each of these mechanisms for SOM dynamics is not sufficiently understood (Poeplau et al. 2016a ). In the Ultuna experiment, a factorial combination of straw and N fertilisation is applied. The prevailing effect of N fertilisation on SOM dynamics can thus be identified when using the approach with 13 C natural abundance described above.
The given experimental set up thus enabled us to formulate three different hypotheses at the same time, which are all related to aspects of soil organic matter dynamics that are currently debated. From such a systematic approach, the relative importance of specific mechanisms might be inferred. We hypothesised that (i) root-derived carbon was generally better stabilised in the soil than straw-derived carbon, (ii) nitrogen fertilisation did relatively reduce carbon allocation to belowground organs and (iii) nitrogen fertilisation did increase the stabilisation of fresh root-or straw-derived carbon.
Material and methods

Study site
The Ultuna long-term agricultural field experiment is located in Uppsala, Sweden (59.82°N, 17.65°E) and was initiated in 1956 to investigate the effect of various organic amendments with or without addition of mineral N fertiliser. The topsoil (0-20 cm) is a clay loam with 36.5% clay, 41% silt (0.002-0.06 mm) and 22.5% sand (0.06-2.0 mm) and has been classified as a Typic Eutrochrept (USDA soil taxonomy) or Eutric Cambisol (FAO classification) (Kirchmann et al. 1996) . At the start of the experiment, soil pH was 6.5. The experimental design consisted of 15 treatments with four replicate plots in a randomised block design, giving a total of 60 plots. The plots (2 m × 2 m) are separated by 40 cm high steel frames inserted into the ground to a depth of about 30 cm. Inorganic N fertiliser as calcium nitrate is added annually during spring at a rate of 80 kg N ha −1 year −1 in the N-fertilised treatments.
Straw (stems and leaves of winter wheat) was applied biannually in the autumn at a rate of 1.77 Mg C ha −1 year −1 (Kätterer et al. 2011 ). Straw properties are described in detail by Peltre et al. (2012) . Although microbial biomass is a small part of the total soil organic carbon (SOC) pool, it plays a major role in its turnover. The data on microbial biomass has recently been published by Börjesson et al. (2016) . The experiment also includes a control treatment that receives neither N fertiliser nor organic amendments. All plots receive a basic annual fertiliser application of 20 kg phosphorus (P) ha −1 and 38 kg potassium (K) ha
. From 1956 to 1999, annual crops with a C3 photosynthetic pathway, such as oats, spring barley, beet, rape, turnip and mustard, were cultivated. Since the start of the experiment, tillage of plots has been managed manually (Kätterer et al. 2011; Kirchmann et al. 1996) . Tillage was normal and homogenous across all treatments. All plots are 'tilled' with a spade to 20 cm depth every autumn. After 1999, silage maize has been grown continuously. All aboveground plant material is removed every year at harvest. A sample archive of topsoil, plant materials and amendments has been maintained since 1956.
Soil sampling and analysis
In early autumn 2015, soil was sampled at 0-20 cm depth in each of the four replicates of the following four treatments: unfertilised (Control), calcium nitrate (Control + N), straw (Straw), and straw plus calcium nitrate (Straw + N). In the following, Control and Straw are combined and summarised as -N treatments and the Control + N and Straw + N are summarised as +N treatments. Since 2000, the Control and Control + N treatments have received only belowground C inputs from maize, whereas C inputs in Straw and Straw + N derive from both C3 and C4 plants (C3 C from grain straw and C4 C from maize roots and rhizodeposits). From each plot, five auger samples were taken and bulked together to provide one composite sample. The samples were air-dried prior to further analysis. In addition, soil samples from 1999 taken in the same plots as those sampled in 2015 were obtained from the historical archive of the experiment. Thus, we had soil samples from 2 years, four treatments and four replicates, which added up to 32 samples in total.
SOC fractionation
Numerous fractionation schemes have been developed to separate and analyse SOM fractions (von Lützow et al. 2007) . One increasingly widespread scheme (proposed by Zimmermann et al. 2007) separates SOC into five operationally-defined pools/fractions analogous to the pools considered in dynamic SOC models such as the RothC model (Coleman and Jenkinson 1999) . In this study, a 30-g portion of dry soil from each field plot sampled in 1999 and 2015 was subjected to the fractionation procedure proposed by Zimmermann et al. (2007) to obtain the following five fractions: particulate organic matter (POM), dissolved organic C (DOC) (both considered to be active C pools), SOC attached to sand grains and in stable aggregates (SA), SOC attached to silt and clay particles without being chemically resistant (SC-rSOC) (both considered to be slow cycling) and a chemically resistant fraction (rSOC) (considered to be passive). An overview of the fractionation scheme is provided in Fig. 1 . In brief, the SC fraction was separated from the SA fraction by wet sieving after ultrasonic dispersion, POM was separated by density fractionation using sodium polytungstate solution (1.8 g cm
), DOC was measured in the water used for wet sieving and the rSOC fraction was obtained after 3 days of oxidation with NaOCl. Thereby, an aliquot of 1 g of the silt and clay (SC) fraction was used for oxidation and the remaining SOC after oxidation was multiplied with the total fraction mass of the SC fraction. The size of the SC-rSOC fraction was thus calculated by difference.
Chemical analysis
Soil C and N were analysed using an elemental analyser (LECO CN-2000, St. Joseph, Michigan, USA) Fig. 1 Overview of the applied fractionation scheme as introduced by Zimmermann et al. (2007) ratio mass spectrometer (GV Instruments; Manchester, UK) at Lund University. The resulting δ
13
C values were expressed in parts per thousand (‰) relative to the international standard of Vienna Pee Dee Belemnite (V-PDB):
where R sample is the isotope ratio of 13 C to 12 C of the sample, and R standard is the 13 C/ 12 C ratio of the international Pee Dee formation belemnite Cate standard (PDB) which is equal to 0.0112372. The average recovery of total carbon and 13 C in all fractions (POM, DOC, SA, SC) combined was 89 and 88%, respectively. We assumed that each fraction lost a similar amount of carbon during fractionation and corrected those losses accordingly. The DOC concentration was determined with a liquid analyser (DIMATOC 2000; Dimatec, Essen, Germany) . For the analysis in the mass spectrometer, the DOC fraction was freeze dried. An appropriate amount of each sample (depending on its C concentration) was enclosed in tin (Sn) capsules for isotope analysis.
Estimation of C3-and C4-derived SOC
The fraction of maize-derived total SOC (f M ) was estimated by isotope mass balance as described by Balesdent et al. (1987) :
where the δ 13 C values represent those measured in the soils in 1999 and 2015. The maize signature, −12.3‰ (SE <0.1), was taken from Menichetti et al. (2013) , who found low variation in the different plant parts in maize from the Ultuna experiment. The mass of SOC deriving from maize was then calculated by multiplying f M by the SOC mass to 0-20 cm depth. The SOC stocks (Table 2) were calculated from SOC concentrations in the soil samples from 1999 and 2014 using bulk density values that were measured in 2009 in the different treatments (Kätterer et al. 2011) .
To estimate the mass change in C3 C stocks due to straw addition (ΔSOC (Straw) c3 ) during the time between 1999 and 2015, the total SOC stock difference between straw-amended and non-amended treatments in 1999 was first subtracted from this difference in 2015:
To calculate the contribution of C3 straw to this difference, the difference in C4 SOC stock between the straw-amended and non-straw-amended treatments was subtracted from ΔSOC (Straw) Total ::
This was done for both +N treatments, to investigate the effect of N on SOC dynamics in straw and roots.
Finally, separate retention coefficients (R) were derived for straw and maize input, to describe the efficiency of C retention for each of the two input types:
where I i is the total cumulative C input between 1999 and 2014 (C3 straw or C4 roots). For the straw, the cumulative input was rather exactly known (28 Mg C ha
), while the root-derived C input had to be estimated using the yield-based allocation coefficients described in Bolinder et al. (2007) , who estimated the proportion of net primary production to be allocated belowground for silage maize is 22.8%. Since root allocation according to Bolinder et al. (2007) accounts for root inputs to 40 cm depth, root inputs to 20 cm depth were estimated by methodology proposed by Kätterer et al. (2011) using MichaelisMenten-type function and accounted for 71% of the total root biomass. However, this method of C estimation is independent of nutrient effects on C allocation, which have been observed before (Welbank et al. 1973 ). Observed differences in C4 retention between the N-fertilised and unfertilised treatments might thus indicate a shift in root to shoot ratio due to N availability (Table 1 , E and F). Table 1 presents potential results for the treatment combinations investigated and lists their most likely explanations, as derived from the potentially involved mechanisms listed in the introduction.
Statistical analyses
Data analysis was performed within the R statistical environment (R Development Core Team, 2010). Analysis of variance was conducted for each fraction. Post-hoc (Tukey's HSD) tests were applied for assessing differences between treatments for which the C distribution showed significant treatment effects (F-test, p < 0.05).
Results and discussions
Cumulative C input Cumulative C inputs for the period 1999-2015 were calculated from aboveground biomass yield (Table 2) . When using the allocation coefficients for yield-based estimates of C inputs, the control treatment yielded the lowest C inputs from roots and rhizodeposition. Biomass production and corresponding C inputs from maize increased in response to N fertilisation and straw addition. C input through maize residues during the period 1999-2015 was only 5.1 Mg ha −1 in the Control, but ranged from 7.1 to 14.1 Mg C ha −1 in the treatments amended with N, straw or both ( Table 2) . Cultivation of grain maize can provide an annual C input of 5-15 Mg ha −1 (Clapp et al. 2000; Liang et al. 1998 ). However, the C input from forage maize is usually much lower, since most of aboveground biomass is harvested. Our C input estimates (0.31-0.88 Mg C ha
, Table 2 ) correspond to those presented by others for forage maize. Kristiansen et al. (2005) Total SOC stock changes and the contributions of C3 and C4 C
The stocks of SOC for each treatment in the 2 years compared here are presented in Table 2 and Fig. 1 . During the 16-year period considered, the soil C balance was negative in all treatments except Straw + N, which gained a non-significant amount of C (0.2 Mg ha −1 ) ( Table 2) . After 60 years, this treatment may be close to steady state. Both N fertilisation and straw addition increased the SOC stock in the 0-20 cm layer, to a great extent during the whole experimental period but also slightly during the 16-year period considered here. The SOC stocks in 2015 were 5.0 and 5.7 Mg C ha −1 higher in N-fertilised treatments than their unfertilised counterparts without and with straw addition, respectively. The corresponding change in SOC during the 16-year period was 1.9 and 2.6 Mg ha
, respectively. The long-term (from 1956 to 2015) increase in SOC due to straw addition was 11.4 and 12.1 Mg ha −1 in -N and +N treatments, respectively, and the corresponding short-term effect (recent 16 years) was 1.6 and 2.3 Mg C ha
, respectively (Fig. 1, Eq. 3). The isotopic analysis revealed that between 5.6 and 8.9% of SOC in 2015 was derived from maize (Table 2) . Very similar values (7, 8, 7 and 5% for Control, Control + N, Straw and Straw + N treatments, respectively) were quantified in the same field experiment in 2009, 10 years after the introduction of maize (Menichetti et al. 2013) . In contrast to what we expected, the C4-derived C pool had not significantly increased during the intervening 6 years. Nevertheless, our results are in line with those reported by others. Kristiansen et al. (2005) found that the proportion of soil total C originating from maize roots and stubble was 7-18% (corresponding to 3.5-6.9 Mg C ha −1 ) after 14 years of continuous cropping. However, our findings are in contrast to the 22-42% maize-derived C in the whole soil reported in other studies (Balesdent et al. 1988; Gregorich et al. 1997; Haile-Mariam et al. 2008 ). This discrepancy was partly due to a shorter period of continuous maize cultivation in our case (16 years) compared with other studies (e.g. Lower for roots and shoots in the +N treatments N increases turnover of C E Different for roots, but equal for shoots in the +N treatments N fertilisation alters root/shoot ratio F Lower for roots but higher for shoots in the -N treatments N fertilisation alters root/shoot ratio and increases microbial C use efficiency. continuous grain maize cropping for ∼30 to 36 years; Balesdent et al. 1988 ) and partly to the relatively low net primary production of maize under the cold climate conditions of Central Sweden. The fact that all aboveground residues of maize were removed also contributed to the relatively low accumulation rate of C4 C observed in the present study. The observed increases in 13 C abundance in the experimental treatments corresponded to 2.0-3.0 Mg ha −1 (Fig. 2) . By subtracting these amounts from the observed change in SOC between 1999 and 2015, we were able to calculate the C3-derived C stock changes in the four treatments. Since straw was the only C3 source during that period, differences between straw-amended and unamended C3 stock changes could be attributed to straw alone (Eq. 4). According to this calculation, 1.0 Mg SOC ha −1 was attributable to straw in the -N treatment and 2.8 Mg SOC ha −1 in the +N treatments. The negative C4-C value in the +N treatments (Fig. 3) resulted from higher C4-SOC stocks in the N than in the Straw + N treatment. This reflects the fact that the fertilisation effect of straw was higher in the -N than in the +N treatments. As a result of straw addition, maize yield was on average 39 and 21% higher in the -N and +N treatments, respectively, over the 16 years. This positive effect can be attributable to mineralisation of additional plant nutrients and to improved soil structure (Kumar and Goh 1999) . Furthermore, the four investigated treatments did already differ in SOC stocks in 1999. It is likely that SOC mineralisation was higher in those treatments with higher SOC stocks, which could also explain the higher retention of C4 roots in the Control treatments as compared to the straw-amended treatments (Table 2 ) and finally the calculated 'negative' effect of straw addition on C4 carbon.
Retention of straw and root C
In agricultural ecosystems, management practises such as crop rotation or mineral and organic fertilisation can have effects on C sequestration (Smith et al. 2005; Jagadamma and Lal 2010 ) . Soil C sequestration efficiency or retention rate of C inputs can be determined from the proportion of applied C that is retained as SOC. Our study demonstrated that N fertilisation resulted in lower retention of C4-C input than in the treatment without N (Fig. 3) . The percentage of C4-C input retained through maize residues was 38, 26, 36 and 18% in the Control, Control + N, Straw and Straw + N treatments, respectively, with the value in the -N treatments being significantly higher than in +N treatments. The high retention coefficient for maize roots in the Straw treatment and the low value in the Straw + N treatment are in agreement with Menichetti et al. (2013) , who reported an average retention coefficient for maize roots of 0.30 ± 0.09 in the Ultuna field experiment. The higher retention coefficient of roots in the -N treatments (Control and Straw) than the +N treatments (Control + N and Straw + N) (Table 2) indicates that for roots, the effect of N fertilisation on microbial C use efficiency was masked by shifts in C allocation to aboveground and belowground plant organs. Since total root C inputs were not measured, but estimated using treatmentindependent allocation coefficients, the observed differences in C retention suggest that this allocation was affected by N fertilisation. This effect has been reported previously for cereals (Welbank et al. 1973 ), but also for perennial grasses (Sochorová et al. 2016 ) and can be explained by the fact that under N deficiency, plants need to invest more in roots to optimise nutrient acquisition. Furthermore, also a higher investment of the maize plants into symbiosis with mycorrhiza under nutrient deficiency could play a role, since those have been found to be important for SOC sequestration (Hobbie and Hobbie 2006) . Thus, apart from the obvious influence of N fertilisation on net primary productivity (NNP), it also alters the ratio at which plants allocate their assimilates above-and belowground as well as potentially the rate at which C is incorporated into microbial biomass and ultimately into the SOC stock (Miltner et al. 2012) . In the present study, both processes were observed, which corresponds to result F in Table 1 and points to the complexity of nutrient effects on SOC cycling. The fact that the likely effect of N fertilisation on root biomass opposed the N effect on straw retention may indicate that the absolute influence of altered plant C allocation overrode the influence of altered microbial C use efficiency. It should however be mentioned, that the investigated treatments did potentially also vary in soil moisture due to different SOC contents and plant water uptake, which might have affected SOC decomposition. This influence was however not quantified and both, differences in plant water uptake and differences in SOC across treatments, should have balances each other to some extent. The estimated retention coefficient of C3 straw (28 Mg C ha −1 for 16 years) in the Straw + N treatment (10%) was about three-fold higher than in the Straw-N treatment (4%) (Fig. 3 , Table 2 ). These values are slightly lower than those obtained using the ICBM model in the Ultuna frame trial, for which Poeplau et al. (2015) estimated 'humification coefficients' of 0.12 and 0.16 for the Straw and Straw + N treatment, respectively. We found 10-fold (Straw) and 1.6-fold (Straw + N) higher retention of root-derived C than shoot-derived C. This confirms findings from the mass balance approach used by Kätterer et al. (2011) , who noted that the retention coefficients of roots were generally higher than those of aboveground plant residue amendments such as straw, sawdust or green manure in the Ultuna field experiment. The much higher retention of straw in the Straw + N treatment could point to higher substrate use efficiency of microbes, as reported by Kirkby et al. (2014) . Higher substrate use efficiency (i.e. greater accumulation of microbial metabolites per unit of C uptake) is explained by the fact that microbial growth is co-limited by nutrients in a specific and relatively constant stoichiometric C:N:P:sulphur (S) ratio (Cleveland and Liptzin 2007; Kirkby et al. 2011; Tahir et al. 2016) . In their study, Kirkby et al. (2014) found up to three-fold greater conversion of straw C into fine-fraction SOC upon nutrient addition, which is well in line with the results of our study (2.9-fold greater retention).
Soil organic C fractions as influenced by management options
The distribution of SOC in the fractions varied considerably between treatments. The POM fraction had SOC stocks ranging from 1.21 to 3.46 Mg C ha −1 and accounted for 4.2 to 7.5% of total SOC, with significant differences between treatments ( Table 3 ). The highest POM stocks were found in the straw-amended treatments, which can be explained by the higher input of labile plant residues. In a Danish soil, Magid et al. (1997) incubated wheat straw for 20 months and found up to 20% of the added straw still remaining as POM. The speed at which the straw residues are processed by microbes and partly transferred to more stable SOC pools depends strongly on climate conditions. In an Italian long-term experiment, Poeplau et al. (2016b) found no difference in POM stocks between 'residues removed' and 'residues incorporated' treatments. In contrast to the POM fraction, in the present study, the proportions of SOC attached to silt and clay (SCrSOC and rSOC) were higher in the treatments without straw addition (Control and N). These findings are in line with Zimmermann et al. (2007) and Poeplau and Don (2013) , who reported that the largest fraction of SOC was the SCrSOC fraction, which accounted for 58-60% in cropland, 51-59% in grassland and 41-58% in forests, followed by the rSOC, POM, SA and DOC fractions. Over both sampling dates and all treatments, we found 87.6% of the total SOC stock in the silt and clay fraction, which is in line with results reported by Flessa et al. (2008) , who found 88% of the total SOC in this fraction in two German agricultural soils. Christensen and Sorensen (1985) also found 50-75% of SOC to be present in clay-sized separates, while silt accounted for another 20-40%. This highlights the importance of organo-mineral interactions, as well as silt-sized microaggregates, for SOC stabilisation (Ladd et al. 1996; Christensen 1987; An et al. 2015; Moreno-Cornejo et al. 2015) . Furthermore, Mueller et al. (2014) found that the sand-sized fraction was dominated by fresh organic matter rich in O/N-alkyl C, while the silt-sized fraction was dominated by highly altered SOM rich in alkyl-C, suggesting a clear shift from carbohydrate-to alkyl chain-dominated SOM with decreasing bioavailability. This fits our observations, that the SA fraction was more enriched in fresh organic matter as compared to the fine SC fraction. Interestingly, we observed a change in SOC distribution between the two sampling dates. In all four treatments, the more labile fractions POM, DOC and SA showed a relative decline between 1999 and 2015, while the more refractory fractions SC-rSOC and rSOC showed a relative increase (Table 3) . Since the only factor that changed between the two sampling dates was the crop grown, it can be assumed that this shift to a more stable SOC stock was related to the introduction of maize. 
C4-C enrichment in different fractions
The change in δ 13 C of bulk soil and fractions across all treatments is shown in Table 4 . The proportion of maize-derived C was greatest in the POM fraction, with relative enrichment ranging from 8.1% (Straw) to 17.4% (Control + N). This is in line with several other studies and confirms that POM is the most active and dynamic SOC fraction. Kristiansen et al. (2005) reported that the POM fraction comprised 17-41% in different Danish soils after 11 years of maize cropping. Poeplau and Don (2014) found that after 16 years of Miscanthus plantation, 68% of the POM in the 0-10 cm soil layer was Miscanthus-derived. The enrichment of 13 C was less pronounced in the other fractions, in the order SA>SC>rSOC>DOC. Apart from the negative 13 C enrichment observed in the liquid DOC fraction in three out of four treatments, this ranking is in agreement with previous results (Poeplau and Don 2014) and supports the concept of the fractionation method proposed by Zimmermann et al. (2007) . However, the observed enrichment of C4 C within the rSOC fraction indicates that this pool is not passive, but its contribution to C cycling is detectable within a relatively short period of 16 years. This confirms the findings reported by several others (Dondini et al. 2009; Poeplau and Don 2014) and underlines that this fraction cannot directly be linked to the inert organic matter pool of the Rothamsted carbon model as suggested by Zimmermann et al. 2007 . But the negative values for C4 enrichment in the DOC fraction can be explained by high measurement uncertainty due to very low SOC concentrations in the freeze-dried DOC samples.
Among treatments, significantly higher rates of δ 13 C enrichment were found in the POM fraction of the Control and Control + N treatment than of the Straw and Straw + N treatment (Table 3 ). This can be explained by the POM fraction being significantly larger in the straw-amended treatments, where the 13 C signal of the C4 C was diluted every second year by C3 straw inputs. However, in absolute terms, no difference was observed between control and straw-fertilised treatments in terms of C4-POM accumulation. The distribution of C4-C among SOC fractions, as influenced by management, is presented in Fig. 4 . As can be seen from Fig. 4b , which depicts the relative distribution of C4 C in different SOC fractions, there was no clear treatment effect on the distribution of root-derived C in different SOC fractions.
Conclusion and perspectives
The unique combination of C4 root and C3 shoot residue inputs under field conditions allowed these to be studied separately regarding their incorporation into total SOM and its fractions. The results obtained provided additional evidence that root-derived C inputs are preferentially stabilised compared with shoot-derived inputs. We also observed an opposing response of roots and shoots (straw) to N fertilisation, which illustrates the diversity of nutrient effects on SOC cycling potentially present in the soil. We concluded that allocation coefficients used to estimate root C inputs should consider the nutrient status of the crop. To do so, more in situ experimental data regarding nutrient effects on C inputs are required. The SOC fractionation we conducted revealed that straw addition led to relative accumulation of labile fractions such as POM. Therefore, the positive effect on SOC stocks might not be long-lasting once straw addition is terminated. In contrast, the introduction of maize roots caused a shift in fraction distribution towards more stable fractions, such as SOC bound to silt and clay particles, most likely due to a higher contribution of roots to these C fractions. We concluded that rotations which include crops or intercrops with large amounts of root biomass are probably more beneficial than straw incorporation for long-term SOC storage. 
